ABSTRACT
Introduction
Magnesium (Mg) is one of the essential mineral nutrients for the growth and development of plants. Apart from being a central atom of the chlorophyll molecule, Mg also acts as activator or regulator of many key enzymes in plant physiological processes [1, 2] . Both Mg deficiency and oversupply have detrimental effects on plant photosynthesis [3] , consequently resulting in abnormal or restricted growth of plants [2] .
With the introduction of high-yielding varieties, the heavy application of nitrogen (N), phosphorus (P) and potassium (K) fertilizers, the amplified rotations per site and the continuous intensive harvesting of crop productions without recycling crop residues or replacing with mineral fertilizers, the Mg depletion in soils is increasing [4] . Consequently, many light-textured soils have been shown to exhibit Mg deficiencies, particularly in highly weathered acid soils with high percolation rates and leaching losses. Mg deficiency can be caused not only by small concentrations of the nutrient in a soil but also by ionic antagonism, particularly in acid and K-rich soils. The cation competitive effects frequently lead to Mg deficiency in the field [5] . Mg deficiency in plants occurs worldwide influencing productivity and quality in agriculture [4] .
Plant growth and development depend highly on environmental conditions, such as temperature, light intensity and availability of water and essential mineral nutrients Low Magnesium with High Potassium Supply Changes Sugar Partitioning and Root Growth Pattern Prior 602 to Visible Magnesium Deficiency in Leaves of Rice (Oryza sativa L.) [6] . Mineral nutrients possess several roles in formation, partitioning, and utilization of photosynthates. Therefore, mineral nutrient deficiencies substantially impair production of dry matter and its partitioning between the plant organs [7] . Mg deficiency has been reported to affect plant growth and biomass partitioning between root and shoot [4] . Under Mg deficiencies root growth markedly decreased, leading to an increase in shoot to root dry weight (DW) ratios in plants [8] [9] [10] [11] . Despite numerous studies examining the effects of Mg deficiency on plant development and biomass allocation, very little information is known about the influence of Mg stress on plant biomass allocation before the symptoms of Mg deficiency appear in leaves of plants, especially in field crops. The present investigation was implemented to study the interaction between Mg and K in relation to their effects on the uptake and translocation of Mg, soluble sugar partitioning and root growth parameters during the early growth stage of rice (Oryza sativa L.), one of the most important food crops for large world population [12] . In this study, we found that under Mg stress induced by low Mg with high K supply, rice changes its soluble sugar partitioning and root growth parameters leading to an increase in root to shoot DW ratio before visible Mg deficiency symptoms occur in the leaves of rice plants. With increasing Mg deficiency, the root to shoot ratio was gradually decline, mainly because of impaired photosynthesis and export of carbohydrates from the leaves to roots of rice.
Materials and Methods

Plant Material and Cultivation
Rice (Oryza sativa L. cv. Wuyunjing-7) plants were grown in hydroponics culture under greenhouse conditions at Nanjing Agricultural University, Nanjing, China. The maximum light intensities at the experimental site ranged from 1100 to 1450 µmol·m -2 ·s -1 at 12:00 noon, maximum and minimum temperature during this period ranged 30˚C -35˚C at daytime and 20˚C -22.5˚C at night. The relative humidity ranged from 65% to 75%. Seeds of rice were washed thoroughly and disinfected in 10% H 2 O 2 for 20 min followed by five washes with deionized water. Seeds of uniform size were imbibed overnight and germinated in a solution in a plastic box in a growth chamber (16 h light/8 h dark, day/night temperature of 28/22˚C, and 65% -70% relative humidity). The uniform 20d-old seedlings (two-leaf stage) were transplanted into a 5 L plastic container. The box had 12 holes in the lid (two seedlings per hole). The transplanted rice seedlings had been grown at one-fifth strength of full nutrient solution for two weeks prior to the beginning of the treat- . At the beginning of the third week after transplanting, the concentrations of Mg and K in the culture solutions were adjusted to: 0.01 (low level) and 1.0 mM (normal level as control) of Mg and to: 1.0 (normal level) and 6.0 mM (high level) of K, for a total of four treatments (Mg 0.01 K 1 , Mg 0.01 K 6 , Mg 1 K 1 , Mg 1 K 6 ). Each treatment was replicated three times in a completely randomized design (CRD).
Chemical Analysis of Plant Tissue
Plants were harvested at day 15 (seven-leaf stage), 30 (nine-leaf stage) and 40 (eleven-leaf stage) after treatment initiation. At each harvest, the plants were divided into shoots and roots. The roots were washed by tap water and cleaned with distilled water. The plant material for determination of dry weight and mineral analysis was dried in a forced air oven for 48 h at 70˚C. K concentrations were determined by flame emission photometry (FEP). Mg concentrations were assayed by atomic absorption spectrometry (AAS) after wet digestion in a block digester using an H 2 SO 4 -H 2 O 2 solution [14] .
Measurement of Root Morphological Parameters
At each harvest, root samples were scanned using the Win-RHIZO system (Regent Instruments, Inc., Quebec, Canada) on a LA 1600 scanner. Roots were spread into a single layer on a transparent tray with a small quantity of water, and then scanned and analyzed automatically by the software [15] .
Soluble Sugar Determination
0.2 g fresh leaves (0.5 g for roots) were extracted with 10 ml deionized water for 30 min at 100˚C. The extraction was repeated five times. Supernatants were filtrated and collected to a volume of 50 ml tube. Soluble sugar contents in fresh leaves and roots were determined according to Ding et al., 2006 [16] . to Visible Magnesium Deficiency in Leaves of Rice (Oryza sativa L.)
Statistical Analyses
The results were examined by analysis of variance (ANOVA) with the statistical software SAS (V. 9.0) for windows (SAS Institute Inc., Cary, NC. USA). Differences between means of treatments were compared using the Fisher's least significant difference (LSD) at the 0.05 and 0.01 probability levels.
Results
Visible Symptoms of Magnesium Deficiency
Rice plants in the treatment of Mg 0.01 K 6 did not produce visible symptoms of Mg deficiency until at day 35 after treatment initiation. The typical visible symptoms of Mg deficiency in rice leaves have been previously described [16] . Since the rice seedlings had been grown in one fifth of full nutrient solution (containing 0.2 mM Mg) for two weeks prior to treatment initiation, the initial accumulated Mg and its internal recycling in the seedlings attenuated the visible signs of Mg deficiency.
Magnesium Concentrations in Shoot and Root
With increasing concentration of Mg in the nutrient solution, Mg content in shoots of rice plants significantly increased at day 15, 30 and 40 after treatment ( Figure  1(a) ). Compared with the treatments of Mg 1 K 1 , Mg content in shoot of the Mg 0.01 K 6 treatment remarkably decreased. At day 40 after treatment, the Mg concentrations in shoots of the Mg 0.01 K 6 treatment were much lower (0.63 mg·g -1 DW) and clearly below the critical deficiency level of 1.1 mg·Mg·g -1 DW [16] . Figure 1 (a) also shows that high K supply (6 mM K) significantly restrained Mg uptake at different Mg supply levels from 0.01 to 1 mM Mg, demonstrating a strong antagonistic effect between Mg and K. The Mg content in roots showed the same trend as for shoots (Figure 1(b) ). The ANOVA results suggested that both K and Mg concentrations and their interaction had a significant effect on the Mg contents in both shoots and roots of rice plants.
Magnesium Translocation
Similarly to the Mg contents in shoots and roots of rice plants, Mg uptake in shoots and roots significantly increased with increasing concentration of Mg in the nutrient solution after treatment initiation (result not shown).
The translocation of Mg was quantified by dividing the amount of the Mg accumulated in the shoots by the total amount of Mg taken up in the shoots and roots [17] . The result showed that the rate of Mg translocation from the root to the shoot of Mg 0.01 K 6 treatment maintained a higher level as compared with that of the Mg 1 K 1 treat- 
Soluble Sugar Concentration in Plant Tissues
The soluble sugar contents in leaves (Figure 2(a) ), stems (Figure 2(b) ) and roots (Figure 2(c) ) of rice plants were significantly affected by external Mg concentration and its interaction with K at day 15 after treatment initiation.
Copyright © 2011 SciRes. AJPS When Mg concentration was 1.81 mg·g -1 DW in shoots and 0.36 mg·g -1 DW in roots, the soluble sugar content in leaves was significantly decreased by 35.8% at Mg 0.01 K 6 treatment, as compared with the treatment of Mg 1 K 1 (Figure 2(a) ) at day 15 after treatment. In contrast to the leaves, the soluble sugar contents in stems and roots were significantly increased by 10.2% (Figure 2(b) ) and 29.2% (Figure 2(c)) , respectively, as compared with the treatment of Mg 1 K 1 . This result suggested that low Mg supply with high K level alters soluble sugar partitioning in different organs of rice plants, particularly increasing the proportion of soluble sugars in the roots. At day 40 after treatment, Mg concentration in shoots was below the critical deficiency level. Compared with the treatment of Mg 1 K 1 , the soluble sugar content at Mg 0.01 K 6 treatment was significantly increased by 20.8% in leaves (Figure 2(a) ), but decreased by 37.1% and 39.2% in stems (Figure 2(b) ) and roots (Figure 2(c) ), respectively. This result indicated that under Mg deficiency, soluble sugars may be accumulated in leaves of rice.
Plant Growth and Root to Shoot Dry Weight Ratio
At day 15 after treatment, dry matter yield of both shoots (Figure 3(a) ) and roots (Figure 3(b) ) in the low-Mg treatment was not significantly different compared to that of the Mg 1 K 1 treatment. However, the root to shoot ratio was significantly higher than that of the Mg 1 K 1 treatment (Figure 3(c) ). At day 30 after treatment, the shoot DW of the Mg 0.01 K 6 treatment was reduced by 12.9% ( Figure  3(a) ), whereas the root DW increased by 12.1% ( Figure  3(b) ) as compared with that of the Mg 1 K 1 treatment. The greater decrease in the dry matter of shoots and the marked increase in roots resulted in the increased root to shoot DW ratio (Figure 3(c) ) in rice plants. At day 40 after treatment, compared with the Mg 1 K 1 treatment, the DW of both shoots and roots of the Mg 0.01 K 6 treatment was markedly reduced by 14.7% (Figure 3(a) ) and 12.5% (Figure 3(b) ), respectively, because of Mg deficiency. The root to shoot ratio did not differ significantly between the Mg 0.01 K 1 and Mg 1 K 1 treatments (Figure  3(c) ). These results revealed that the increase in root to shoot ratio occurred prior to visible Mg deficiency symptoms in leaves of rice plants.
Root Morphology
In order to study the effects of the interaction between Mg and K on root morphology of rice plants, we use a Win-Rhizo LA-1600 Scanner to scan the roots of all treatments of the experiment prior to Mg deficiency symptoms in rice leaves. The results showed that the total root length (Figure 4(a) ), total root surface area (Figure 4(b) ), root volume (Figure 4(c) ), average root diameter (Figure 4(d) ), total length of 0 -0.5 mm diameter roots (Figure 4(e) ), and total length of 0.5 -1.0 mm diameter roots (Figure 4(f) (Figure 4(b) ), root volume (Figure 4(c) ), average root diameter (Figure 4(d) ) were reduced by 10.9%, 21.1% to Visible Magnesium Deficiency in Leaves of Rice (Oryza sativa L.) and 11.4% respectively, except the total length of 0 -0.5 mm diameter roots (Figure 4(e) ), and total length of 0.5 -1.0 mm diameter roots (Figure 4(f) ) were increased by 13.9% and 5.0%, respectively.
Correlation Analysis
Regression analysis was performed to examine relationships between the soluble sugar contents in roots, root to shoot DW ratio and root morphological parameters of rice plants. Table 1 shows that the soluble sugar contents in leaves at day 15 after treatment initiation had a highly positive correlation with the total root length, total root surface area, root volume, number of root forks, total length of 0 -0.5 mm and 0.5 -1.0 mm diameter roots and the root to shoot ratio of rice plants at day 30 after treatment initiation. Moreover, these root morphological parameters had a highly positive correlation with the root to shoot ratio at day 30 after treatment initiation. These results indicate that the root to shoot ratio is closely related to the soluble sugar contents in roots and root morphological parameters of rice plants.
Discussion
In almost all higher plants, the principle end products of leaf photosynthates are sucrose and starch. However, partitioning of sucrose and starch and their effect on dry matter distribution is influenced by several environmental factors, such as low temperature, drought and essential mineral nutrients [18, 19] . Mineral nutritional status of plants has a considerable impact on partitioning of carbohydrates and dry matter between shoots and roots [1, 7, 20, 21] . It has long been known that deficiencies of essential macronutrients (N, P, K and Mg) result in an accumulation of carbohydrates in leaves and roots, and modify the root to shoot biomass ratio [6] . Mg deficiency leads to the accumulation of sugars and starch in young source leaves [8, 16, [22] [23] [24] [25] , but they rarely increase their root growth because of impaired export of carbohydrates from source to sink sites [6] . In the present study, Mg nutritional status had a stronger effect on both root and shoot growth and dry matter distribution of rice plants. At day 30 after treatment initiation, shoot growth for the Mg 0.01 K 6 treatment was severely affected by low Mg stress because the Mg concentration in shoots was 1.27 mg·g -1 DW (Figure 1(a) ), which was near the critical deficiency level of 1.1 mg Mg·g -1 DW [16] . However, the root growth significantly increased (Figure 3(b) ) indicating that a considerable proportion of dry matter was partitioned to the roots, leading to an increase in root to shoot DW ratio before Mg deficiency symptoms were visible in leaves of rice plants (Figure 3(c) ). This finding was consistent with that of Hermans et al. [6] who obtained an increase in the root to shoot ratio in Arabidoopsis thaliana plants. We suggest that the increase in root to shoot ratio may be closely associated with the concentrations and distribution of soluble sugars in different tissues of plants because there is a close relationship between shoot to root DW ratios and relative distribution of total carbohydrates in shoots and roots [23] . The increase of root to shoot ratio may be an important adaptive mechanism for rice plants to low-Mg stress before visible Mg deficiency signs in the leaves. Previous studies suggest that under Mg deficiencies root growth markedly ecreases, leading to an increase in shoot to root DW d ratios in plants [8] [9] [10] [11] . Sugars perform important regulatory functions in plants including photosynthesis [26] and carbohydrate partitioning [27, 28] . Soluble sugar states have been showed to affect various aspects of physiology and development in higher plants by up-or down-regulating the expression of the relevant genes [26] . In this study, our data showed that the concentration of soluble sugar for the Mg 0.01 K 6 treatment at day 15 after treatment was reduced in leaves (Figure 2(a) ), but increased in roots (Figure 2(c) ) as compared with the Mg 1 K 1 treatment, indicating the increased translocation of sugars to the roots, which might contribute to the increase in root to shoot ratio in rice plants at day 30 after treatment since the growth and development of the root system needs more sugar supply. Furthermore, correlation analysis also revealed that there was a significantly positive linear correlation between the soluble sugar contents in roots of rice plants at day 15 and the root to shoot DW ratio at day 0 after treatment ( Table 1) . Under Mg deficiency, the 3 to Visible Magnesium Deficiency in Leaves of Rice (Oryza sativa L.) soluble sugar contents in leaves were significantly increased at day 40 after treatment (Figure 2(a) ) but markedly reduced in roots (Figure 2(c) ) because of impaired export of carbohydrates from leaves to roots. This observation is in agreement with that of Hermans et al. [25] . As the mechanism of sugar regulation involved in carbohydrate metabolism, long-distance transport and partitioning remains unknown, further intensive studies in physiological and molecular level are required. Root morphology and architecture are the primary traits that influence plant resource acquisition [29] . Root growth requires nutrients that are absorbed from the external culture medium and photosynthates that are transported from the shoot. It is evident that sugar supply is one of the most important factors limiting growth of the root system [30]. Hermans et al. [6] suggest that root morphology alterations are closely related to the regulation of sugars and hormones in plants. The results in Figure 4 indicate that the enhanced total root length (Figure 4(a) ), total surface area (Figure 4(b) ), root volume (Figure 4(c) ), average root diameter (Figure  4(d) ) and total length of 0 -0.5 mm (Figure 4(e) ) and 0.5 -1.0 mm diameter roots (Figure 4(f) ) may be related to enhanced concentration of soluble sugars in roots of rice at day 15 after treatment initiation. The correlation analysis indicated that the root to shoot ratio is closely related to the soluble sugar contents in roots and root morphological parameters of rice plants ( Table 1) .
In conclusion, low Mg with high K supply alters soluble sugar partitioning and root morphological parameters, restrains shoot growth but enhances root growth, and thereby increases root/shoot DW ratio before visible Mg deficiency symptoms appear in rice leaves. These responses may represent a primary adaptive mechanism for rice plants to Mg stress during the early growth stage.
Acknowledgements
We thank Professor Richard M. Cruse and Heidi Asbjornsen of Iowa State University for their critically reading and correcting the English language of the manuscript. This research was financially supported in part by the Dead Sea Works Ltd., Israel.
